Solution-based nanosensors for in-field detection with the naked eye by Paterson, S. & De La Rica, R.
Strathprints Institutional Repository
Paterson, S. and De La Rica, R. (2015) Solution-based nanosensors for 
in-field detection with the naked eye. Analyst. ISSN 0003-2654 , 
http://dx.doi.org/10.1039/C4AN02297A
This version is available at http://strathprints.strath.ac.uk/52490/
Strathprints is  designed  to  allow  users  to  access  the  research  output  of  the  University  of 
Strathclyde. Unless otherwise explicitly stated on the manuscript, Copyright © and Moral Rights 
for the papers on this site are retained by the individual authors and/or other copyright owners. 
Please check the manuscript for details of any other licences that may have been applied. You 
may  not  engage  in  further  distribution  of  the  material  for  any  profitmaking  activities  or  any 
commercial gain. You may freely distribute both the url (http://strathprints.strath.ac.uk/) and the 
content of this paper for research or private study, educational, or not-for-profit purposes without 
prior permission or charge. 
Any  correspondence  concerning  this  service  should  be  sent  to  Strathprints  administrator: 
strathprints@strath.ac.uk
Journal Name RSCPublishing 
ARTICLE 
This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1  
Cite this: DOI: 10.1039/x0xx00000x 
Received 00th January 2012, 
Accepted 00th January 2012 
DOI: 10.1039/x0xx00000x 
www.rsc.org/ 
Solution-based nanosensors for in-field detection with 
the naked eye 
 S. Patersona and R. de la Ricaa,*  
Nanomaterials are revolutionising analytical applications with low-cost tests that enable 
detecting a target molecule in a few steps and with the naked eye. With this approach, non-
experts can perform analyses on-site and without utilising electronic readers. This is 
advantageous in point-of-care diagnostics, in-field measurements and analyses performed in 
resource-constrained settings. Here we review the main strategies adopted for detecting 
analytes with the naked eye and at the point of need using plasmonic nanosensors, catalytic 
nanoparticles and fluorescent nanomaterials. Examples of the detection of ions, glucose, small 










 The design of sensors for in-field measurements has been a 
central issue of analytical chemistry for decades. From the 
diagnosis of diseases at the point of care1 to the detection of 
hazardous levels of pollutants2,3 and the identification of 
pathogens in food samples,4,5 there is a growing need for 
obtaining accurate information about the composition of a 
sample rapidly and at the point of need. For many years 
electrochemical sensors have dominated the area of in-field 
sensing due to the possibility of fabricating all the elements of 
the sensor with well-known microfabrication techniques.6,7 
These fabrication methods generate portable, compact devices 
in which the transducers are directly integrated with the 
circuitry.8,9 However, although microchips containing 
electrochemical transducers can be mass-produced, the 
manufacturing cost of these devices is still too high for certain 
applications in which the sensor cannot be reutilised or 
recycled. Electrical readers are also expensive, and therefore 
their utilisation can only be justified in routine tests, for 
example in diagnostic tests required by chronic patients (e.g. 
diabetic patients) or in diagnostics performed in hospitals and 
doctor offices (Fig. 1A).10 Isolated measurements performed at 
the point of need (e.g. tests for sexually-transmitted diseases 
performed at home), or in resource-constrained settings, cannot 
always rely on the utilisation of such complex devices to read 
the signal generated by a single-use test. 
 A winning strategy to reduce the costs associated to the 
utilisation of electronic readers is to design sensors in which the 
signal can be detected with the naked eye.11 Usually this 
requires either and increase/decrease in colouration12 or a 
change in the tonality of a coloured solution.13 When the 
difference between the colour generated by the solution 
containing the analyte and the colour generated by the blank 
solution is well defined, this method enables detecting the 
presence of a particular molecule without the utilisation of any 
external instrumentation. Frequently the results are qualitative 
in the form of a positive/negative outcome. This means that the 
test can detect the presence of the analyte when this is found at 
concentrations well above a threshold value, but usually it 
cannot provide precise, quantitative information.13 Samples 
detected as positive may be analysed at a later stage in 
centralised laboratories, where the acquisition of quantitative 
information is available. 
 Until recently, most tests for the detection of analytes with 
the naked eye relied in the utilisation of dipsticks and lateral 
flow assays. These detection schemes combine an ingenious 
paper-based fluidic system with a naked-eye detection 
mechanism in a disposable sensor.14 Reagents are stored at 
different positions of the paper substrate by simply spotting the 
chemicals and letting them dry. Liquids flow through the paper 
substrate after addition of a drop of sample.15 This mixes the 
reagents and generates the colourimetric signal (Fig. 1B). 
Despite the great success of this approach, it has been found 
that there is a great variability in the sensitivity and specificity 
associated to different paper-based sensing devices.16 This can 
easily cause false-positive and false-negative results that may 
have grave consequences, especially in diagnostics. One of the 
main sources of variability is the material of which these  
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Figure 1. Current strategies for in-field detection of analytes; (A) Quantitative electrochemical detection with disposable 
electrodes and electronic readers (glucose meter) (reproduced from [10] with permission from the Royal Society of Chemistry); 
(B) Naked-eye detection with paper-based substrates: detection of histone methylation as a function of the amount of histone 
extract (reproduced from [20] with permission from the American Chemical Society); (C) Solution-based detection of analytes 
with the naked eye: specific detection of tryptophan alone (C) or in the presence of other 9 amino acids (D), that do not generate a 
signal by themselves (B) (reproduced from [21] with permission from Willey-VCH); (D) Solution-based detection of analytes with 
nanoparticles: detection of aromatic isomers with cyclodextrin-modified silver nanoparticles; top: phenol (ii), pyrocatechin (iii), 
hydroquinone (iv), resorcinol (v); bottom: aniline (ii), o-phenylenediamine (iii), p-phenylenediamine (iv), and m-
phenylenediamine (v) (reproduced from [31] with permission from the American Chemical Society). 
 
devices are fabricated: different paper substrates have different 
flow speeds, which are crucial to determine the sensitivity and 
specificity of the analysis.17 Dipsticks and lateral flow assays 
have the added issue of not being very sensitive.18 Although 
some methods have been proposed to improve the sensitivity of 
these tests several orders of magnitude, they rely on multi-step 
procedures that are difficult to implement in in-field 
measurements.19,20 
 A potential solution to reduce variability issues related to 
the utilisation of solid substrates is to perform the test in 
solution. In this approach, a drop of sample is added to a 
solution containing the sensor and the presence of the analyte 
generates a signal that can be detected with the naked eye. For 
example a solution containing formic acid and HCl generates a 
violet-blue colour in the presence of the amino acid tryptophan 
(Fig. 1C).21 The reaction is highly specific and allows detecting 
the target amino acid even in the presence of a mixture of other 
amino acids. This type of solution-based sensor is single-use, 
disposable and does not require electric readers to detect the 
presence of the target molecule. Yet, this approach seems to be 
restricted to straightforward detection mechanisms in which the 
target molecule reacts in a selective manner with a component 
of the solution to generate a colourimetric signal. This is a 
limitation compared to paper-based sensors, which enable 
complex detection schemes such as immunoassays22 and DNA 
tests.21 
 In recent years nanosensors have been changing this 
paradigm by enabling the detection of a multitude of analytes in 
solution and with the naked eye (Fig. 1D).23±25 A key factor for 
the development of complex sensing approaches is that these 
nanomaterials can be decorated with myriads of 
biomolecules,26±28 polymers29 and macrocycles30,31 that confer 
them specific recognition capabilities for the detection of a 
wide array of molecules. For example, nanoparticle aggregates 
linked by peptides can be used for the one-step detection of 
proteases when the protease activity triggers the dispersion of 
the nanoparticle collectives.32,33 Nanoparticles modified with 
macrocycles such as cyclodextrins and cucurbiturils can be 
used to detect enzymatic activity.34,35 Solutions containing 
nanomaterials modified with oligonucleotides can be used to 
detect genetic mutations,36±38 malfunctioning enzymes39 and 
even hazardous heavy metals.25,40 Moreover, nanoparticles 
possess extraordinary optical properties derived from their 
nanoscale dimensions that facilitate the observation of small 
changes in the concentration of analytes with the naked eye. 
With plasmonic nanosensors, the colour of the nanoparticle 
solution can be tuned by changing the composition and 
morphology of the nanomaterials.41±43 Semiconducting 
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nanoparticles show size-dependent emission properties that 
cover the whole visible spectrum.44,45 Nanomaterials have been 
a true game changer in the field of solution-based sensing due 
to their easy functionalization, chemical reactivity and 
outstanding physical properties. 
 In this manuscript we will review different solution-based 
strategies for the naked-eye detection of analytes with 
nanomaterials. After giving an overview of the different signal 
generation mechanisms available for naked-eye detection, we 
will show some key examples of solution-based nanosensors 
classified as a function of the type of analyte detected. In these 
examples we will focus on approaches that allow the detection 
of the target molecule at the point of need without the 
utilisation of laboratory-based methods. For example, methods 
for the naked-eye detection of nucleic acids will not be 
considered because the detection of nucleic acids usually 
involves their extraction from cells with multi-step protocols 
that should be performed in a well-equipped laboratory. 
Dipsticks, lateral flow and paper-based assays are out of the 
scope of this manuscript. Several excellent recent reviews 
covering these approaches are available in the literature.18,19,22,46 
 
Signal generation mechanisms 
 In this section we will review different approaches for the 
generation of signals detectable with the naked eye using 
nanosensors. We will first overview the physicochemical 
properties of a particular family of nanomaterials. Then we will 
explain several strategies commonly utilised to implement these 
physicochemical properties in the design of sensors for the 
naked-eye detection of analytes. Plasmonic, catalytic and 
fluorescent nanoparticles will be the focus of our study. 
Plasmonic nanosensors 
 The localised surface plasmon resonance (LSPR) of noble 
metal nanoparticles is the origin of the intense colourations 
usually observed in nanoparticle solutions.47 The LSPR is 
affected by the size, shape and state of aggregation of the 
nanoparticles as well as by the dielectric properties of the 
surrounding medium.48,49 This observation has been utilised to 
design myriads of colourimetric sensors in which the presence 
of the analyte changes the LSPR of plasmonic nanosensors and 
generates a change in the colour of the nanoparticle solution 
that can be detected with the naked eye.  
 For example, it is well established that the LSPR of noble 
metal nanoparticles shifts to higher wavelengths when the 
nanoparticles assemble into aggregates. The aggregation of 
spherical gold nanoparticles usually results in a transition from 
red to purple or deep blue colour,50 whereas the aggregation of 
silver nanoparticles usually changes the colour of the solution 
from yellow to brown or grey (Figs. 2A and 2B).51 If the 
aggregates are large enough the nanoparticle networks can 
sediment, which results in an apparent decrease of the 
colouration of the solution as the nanoparticles accumulate at 
the bottom of the test tube.52,53 Thus, the signal generated by 
the assembly of plasmonic nanosensors can be either a change 
in the tonality of the solution or a change in its colour intensity. 
It should be noted that the most widely available citrate-
stabilised nanoparticles usually aggregate in solutions 
containing highly concentrated ions. This can be prevented by 
covering the surface of the nanoparticles with hydrophilic 
ligands.54 For example, commercially available polyethylene 
glycol molecules can be used to prevent non-specific 
aggregation issues. These molecules are usually anchored to the 
nanoparticles by thiol moieties that have high affinity for metal 
surfaces.55 
 Triggering the aggregation or dispersion of nanoparticles is 
not the only strategy available to generate colourimetric signals 
in biosensing. In the last years, a new trend has been studying 
the growth of nanoparticles with different morphology and 
composition as a way to tune the LSPR of the 
nanosensors.42,56,57 For example tuning the kinetics of growth of 
gold nanoparticles with an enzyme can result in the growth of 
de novo aggregated or non-aggregated nanoparticles with easily 
identifiable blue or red tonalities.58 The LSPR of gold nanostars 
can be tuned by reducing silver on their surface with an 
enzyme-guided crystal growth process.42 The colourimetric 
signal of plasmonic nanosensors can be greatly amplified by 
reducing gold ions on gold seeds with hydroxylamine,59  or 
with hydrogen peroxide generated by the enzyme glucose 
oxidase (Fig. 2C).57 Despite the great interest in these 
approaches, which may result in extremely low limits of 
detection and ultrahigh sensitivities, the utilisation of solutions 
containing metal ion precursors for growing the nanoparticles 
makes these approaches unsuitable for many in-field detection 
approaches, since these solutions are generally not stable in 
ambient conditions for extended periods of time.13 
 
 
Figure 2. Tuning the LSPR of noble metal nanoparticles for the 
detection of analytes with the naked eye; (A) Aggregation of 
DNA-modified gold nanoparticles in the presence of different 
concentration of Ag+ changes the colour of the solution from 
red- to blue-coloured; (B) Aggregation of DNA-modified silver 
nanoparticles in the presence of different concentration of Hg2+ 
changes the colour of the solution from yellow- to grey-
coloured (reproduced from [51] with permission from the Royal 
Society of Chemistry); (C) Enlargement of gold seeds by 
glucose oxidase for the detection of prostate specific antigen 
(PSA) at different concentrations (reproduced from [57] with 
permission from the ACS); (D) Etching of silver nanoplates in 
the presence of 5  10-7 M iodide with different concentration of 
nanoplates (increasing concentration from A1 to A9) 
(reproduced from [84] with permission from Elsevier). 
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 Another interesting phenomenon in nanochemistry that has 
been utilised as the signal generation step in sensing is 
nanoparticle etching.60±62 This usually involves the oxidation of 
silver nanoparticles to silver ions. The etching of spherical 
silver nanoparticles results in a decrease of the colouration of 
the nanoparticle solution or in the aggregation of the 
nanoparticles (change in tonality).63 Gold nanoshells containing 
a silver alloy have also been used as nanosensors.64 The 
oxidation of the silver in the alloy results in a change of the 
composition of the shell that generates a change in the tonality 
of the nanoparticle solution. Nanoparticles with sharp edges 
and spiky shapes are prone to reshape into spherical 
nanoparticles.65 Etching of concave edges results in a change in 
the morphology-related LSPR of the nanoparticles that 
sometimes can be detected with the naked eye. Triangular silver 
nanoplates, also called silver nanoprisms, can reshape in the 
presence of hydrogen peroxide or halides to yield silver 
nanodisks.23,62,66 The change in shape from the sharp edges of 
the triangles to the rounded corners of spherical nanoparticles 
changes the colour of the solution from blue/purple to red or 





 One of the most commonly utilised methods for generating 
colourimetric signals in biosensing consists in generating 
coloured molecules with the enzyme horseradish peroxidase 
(HRP).67 This type of signal generation mechanism has the 
advantage of amplifying the signal through the biocatalytic 
property of the enzyme. Unfortunately HRP can easily become 
inactive due to denaturation at high temperatures, digestion by 
proteases or degradation by microorganisms, among other 
factors. These factors can have a great impact in in-field 
measurements, when the sensors cannot be kept in ideal 
conditions. 
 Some noble metal nanoparticles have been found to possess 
catalytic oxidation properties that mimic those of HRP. Since 
inorganic nanomaterials usually have a longer shelf life 
compared to biomolecules, the utilization of catalytic 
nanoparticles can overcome the limitation of using HRP as the 
signal generation step in in-field detection schemes. Platinum,68 
palladium,69 gold,70 carbon,71 CeO272 and Fe3O473 nanoparticles 
have been shown to oxidase peroxidase substrates such as 
3,3,5,5-tetramethylbenzidine (TMB) in the presence of 
hydrogen peroxide. The oxidation of TMB generates blue-
coloured solutions. The reaction can be stopped by adding 
concentrated H2SO4, which also triggers a change in the colour 
of the solution from blue- to yellow-coloured (Fig. 3A).  
 Gold nanoparticles have also been found to mimic the 
activity of the enzyme glucose oxidase (GOx) by catalysing the 
conversion of glucose into gluconic acid and hydrogen peroxide 
in the presence of oxygen (Fig. 3B).74 In this study it was 
proposed that the ligands around the gold nanoparticles played 
a crucial role in defining the catalytic properties of these 
nanomaterials. The hydrogen peroxide generated by the 
nanoparticles can be used by HRP to generate coloured signals 
as explained above. GOx and GOx mimics can be used for the 
detection of glucose in diabetic patients23 or in enzyme-linked 






Figure 3. Generation of colourimetric signals with catalytic 
nanoparticles; (A) The oxidation of TMB by porous platinum 
nanoparticles grown on graphene oxide changes the colour of 
the solution to blue-coloured (c), which turns yellow-coloured 
upon addition of H2SO4 (d) (reproduced from [68] with 
permission from the American Chemical Society); (B) Top: 
Addition of glucose to gold nanoparticles (b) or glucose 
oxidase (c) generates a red-coloured solution due to reaction of 
the as-generated gluconic acid with hydroxamine and Fe(III); 
Bottom: (a) the GOx-like activity of gold nanoparticles 
generates hydrogen peroxide that is used by HRP to oxidise 
ABTS2- (green coloured solution) (reproduced from [74] with 




 Fluorescent nanosensors for naked-eye detection require, at 
least, the utilisation of a UV lamp in order to excite the 
fluorophores and detect the fluorescent signal. This condition 
makes this approach less straightforward than detection systems 
based in the detection of colours, which do not require any 
external instrument to read the signal. Nevertheless, UV lamps 
are small, cheap and easy to manipulate and their utilisation 
may be justified in situations where bulky or expensive 
instruments are not available. Another difficulty faced by 
fluorescent nanosensors is that the emission of many 
fluorophores can be quenched or bleached by several external 
factors (presence of oxygen, direct contact with light), and 
therefore it should always be compared with a standard. 
 The utilisation of nanosensors can partially alleviate the 
stability problems found in fluorescent sensors for in-field 
measurements. Quantum dots are luminescent semiconducting 
nanocrystals whose emission wavelength is intimately to their 
size, that is, they can be fabricated with different sizes emitting 
in different spectral regions.44 Quantum dots show broad 
absorption spectra, narrow and size-tuneable emission peaks 
and large Stokes shifts. These features make quantum dots 
perfect donors in fluorescence resonance energy transfer 
(FRET).75 The broad adsorption spectrum of quantum dots 
makes it easy to visualise their emission with a conventional 
UV lamp. Furthermore, quantum dots are less sensitive to 
photobleaching compared to many organic fluorophores.  
 Utilising energy transfer phenomena can also be helpful to 
provide an inner standard for fluorescence measurements. In 
WKLV FRQWH[W ³VZLWFK-RQ´ DSSURDFKHV EDVHG LQ HQHUJ\ WUDQVIHU
between quantum dots and molecular fluorophores have been 
proposed.76 In these nanosensors, the fluorescence of quantum 
dots is quenched by a ruthenium complex attached to the 
surface of the nanocrystals. The analyte triggers the removal of 
the complex from the surface. This disrupts the energy transfer 
between the quantum dots and the ruthenium complex and the 
IOXRUHVFHQFH RI WKH TXDQWXP GRWV FDQ EH REVHUYHG ³VZLWFKHs 
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RQ´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aggregation of the quantum dots in the presence of the 
analyte.33 This results in an exciton energy transfer process that 
switches off the photoluminescence of the nanocrystals. 
 
Figure 4. Naked-eye detection of copper ions with ratiometric 
fluorescent nanosensors. Green-emitting quantum dots are 
quenched by increasing concentrations of copper ions. This 
reveals the red emission of fluorescent nanoparticles buried in 
the core of the nanosensors (reproduced from [77] with 
permission from the American Chemical Society). 
  
 One of the most elegant approaches for the naked-eye 
detection of analytes with quantum dots consists in fabricating 
fluorescent ratiometric probes.77 In this approach, red-emitting 
quantum dots are confined to the core of silicon dioxide 
nanoparticles. Green-emitting quantum dots are then attached to 
the surface of the silicon dioxide nanoparticles. The 
photoluminescence of the quantum dots is quenched by the 
presence of copper ions, which are the target analyte. However, 
red-emitting quantum dots are not affected by copper ions 
because they are protected by the transparent silicon dioxide 
nanoparticle. Therefore the presence of copper ions quenches 
only the green emission and reveals the red emission of 
quantum dots at the core of the nanoparticles, which act as an 
internal reference (Fig. 4). 
 
In-field detection of analytes with the naked eye. 
 
 In the following sections we review some key examples of 
the application of nanomaterials for the detection of analytes at 





 Real-time, on-site detection system for ions such as the 
heavy metals, Mg2+, Hg2+, Pb2+, Al3+, Cu2+, Cr3 are required in 
environmental monitoring and toxicology. Sensors for the 
detection of heavy metals must be highly selective, sensitive 
and fast to compete with laboratory-based methods.  
 Mercury has garnered widespread attention for 
colourimetric detection systems as it has been found to be one 
of the most dangerous metal elements to human health and 
environmental safety. The most common form of mercury is 
methyl mercury, which can bioaccumulate through the food 
chain from aquatic systems.78 Mirkin et al have pioneered the 
colourimetric detection of mercury with plasmonic 
nanoparticles.79 They utilized DNA-functionalized gold 
nanoparticles as nanosensors. It is known that mercury ions can 
bridge a T-T mismatch by means of the thymine-Hg2+-thymine 
coordination chemistry, which triggers the aggregation of the 
DNA-covered nanoparticles in the presence of Hg2+.80 It was 
hypothesized that Hg2+ binding to the T-T mismatch sites 
would cause an increase in the melting temperature, Tm, of the 
DNA. This was observed by increasing the temperature of the 
solution and observing the melting point of the nanoparticle 
aggregates as the colour change was reversed to red-mauve. It 
was found that there was a direct relationship between the 
concentration of Hg2+ and Tm. With this method, Hg2+ could be 
quantified with high specificity and sensitivity with lower 
detection limits than previously reported approaches. The 
selectivity of the system was further tested against 
environmentally relevant ions and it was found that only 
solutions containing Hg2+ had a significantly higher Tm than 
samples containing other ions. At 47°C the samples containing 
Hg2+ remained purple whereas, the solutions containing other 
ions were red (Fig. 5A). This has been found to be a promising 
progress for the detection of Hg2+. However, it should be noted 
that measuring Tm is not suitable for in-field measurements, 
since additional equipment is needed to control the temperature. 
 
Figure 5. Detection of ions with nanosensors; (A) detection of 
Hg2+ with DNA-decorated gold nanoparticles at 45oC showing 
the high specificity for the target analyte (reproduced from [79] 
with permission from Willey-VCH); (B) detection of Al3+ at 
different concentrations with silver nanoparticles modified with 
glutathione (reproduced from [81] with permission from 
Elsevier). 
 
 Wu et al utilised glutathione-functionalized silver 
nanoparticles (GSH-AgNPs) to quantify the levels of Al3+ in 
the presence of l-cysteine (Cys).81 GSH absorbs onto the 
surface of the Ag nanoparticle via its thiol group.  As Al3+ 
forms complexes with GSH, aggregation occurs, which results 
in a colour change from yellow to reddish brown or red 
observable by naked eye (Fig. 5B). Control experiments of Al3+ 
incubated with GSH-AgNPs but without Cys did not yield any 
observable colour change even at high concentrations of Al3+. 
The performance of the nanosensors was tested in real water 
(tap water or lake water). With these samples it was found that 
the limit of detection with the naked eye was 1.2 ȝ0ZKLFKLV
far lower than the set national drinking water standard. The 
selectivity of this system may be questioned since, although it 
tested well against other ions at concentrations of 20 ȝ0, there 
have been previously reported studies of glutathione-
functionalized gold nanoparticles for the detection of lead ions 
with a similar method that led to a positive response.82 
However, the previous study did not test for the detection of 
Al3+. 
 Another naked-eye detection method for the detection of 
ions that does not rely on particle aggregation consists in 
changing the morphology of silver nanoparticles. The strong 
ARTICLE Journal Name 
6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 
LSPR of silver triangular nanoplates (Ag-TNPs) can be 
adjusted throughout the visible and near-infrared regions by 
manipulating the edge, tip edge and length of these 
nanomaterials.83 Cao and Ling reported that Ag-TNPs can be 
reshaped into nanoparticles in the presence of iodide.84 The 
monitoring of iodide is essential in food and drugs as it plays a 
crucial role in thyroid functionality and neurological activity. 
Solutions containing Ag-TNPs were mixed with different 
concentrations of iodide and within 30 minutes a distinctive 
colour change could be seen from blue- to yellow-coloured. 
TEM confirmed the morphology of the Ag-TNPs changed to 
nanoparticles. As the concentration of iodide was directly 
proportional to the concentration of silver nanoparticles in 
solution, the aim was to find the critical concentration of iodide 
to Ag-TNPs in which an obvious colour change could be 
observed. The lowest detectable concentration of iodide 
measured by UV-vis absorption was 8.8 nM, the lowest 
detectable concentration by naked eye was found to be 
approximately 0.1 ȝ0  6HOHFWLYLW\ tests conducted against 
several other anions showed that bromide had similar results to 
iodide although at 10-fold higher concentrations. However, 
posterior optimization of the same detection system via the 
addition of Na2S2O3 led to better selectivity towards iodide with 




 The detection of glucose is crucial in a wide range of fields 
such as clinical diagnostics,86 food industries87 and 
biotechnology.88 Perhaps the most recognized application of 
glucose sensors is for the diagnosis and management of 
diabetes mellitus, which is characterised by varying levels of 
glucose.89 According to the World Health Organization 
(WHO), diabetes affects 347 million people worldwide and has 
been estimated that it will be the 7th leading cause of death by 
2030. Currently, the most common detection method for 
glucose is an electrochemical biosensor based in the 
biocatalytic conversion of glucose by the enzyme glucose 
oxidase (GOx).90 This biosensor requires an electronic reader to 
transduce the signal. In developing countries these electronic 
readers may be too costly for routine testing. In this context a 
naked-eye detection system that does not require an electronic 
readout could provide a much simpler and economical method 
for glucose sensing.  
 GOx can be used for the naked-eye detection of glucose 
when the production of H2O2 by the enzyme is used to etch 
nanoparticles. This causes a distinct change in morphology that 
translates into a change in colour.91 One advancement has been 
made by Xia et al, who reported a visible colour change in 
solutions containing silver triangular nanoplates in the presence 
of glucose and GOx.23 Firstly, a homogenous solution 
containing nanoplates and GOx was prepared. The addition of 
glucose resulted in the consequential enzymatic oxidation of 
this molecule to generate hydrogen peroxide and gluconic acid. 
The peroxide produced this way etched onto the blue triangle 
nanoplates. This resulted in a change in morphology from 
triangular nanoplate to nanodisc that in turn resulted in a 
change in colour from blue to mauve. This was found to be 
highly sensitive with only 10-20 ȝ/ RI VHUXP UHTXLUHG IRU
testing. The detection limit was 0.2 ȝ0ZKLFKZDVIRXQd to be 
lower than previous studies involving metal-GOx methods. 
 Another simple and cost effective method for detecting 
glucose employed bimetallic Ag/Au nanoshells as 
nanosensors.64 in this approach, GOx was immobilized onto the 
Ag/Au nanoshell surface followed by the addition of glucose. 
This resulted in the etching of the silver, which triggered a 
change in the colour of the solution from red- to blue-coloured. 
This was caused by the removal of Ag by H2O2 from the 
bimetallic shell. However, this method was found to be less 
sensitive at high concentrations of glucose. This was due to 
unwarranted by-products of AgOH and AgO2 and possible 
oxidation of Ag on the nanosphere shell. 
 Catalytic nanoparticles can also be used for the 
colourimetric detection of glucose. For example it has been 
demonstrated that 5,10,15,20-tetrakis(4-carboxyphenyl)-
porphyrin-functionalized Fe3O4 nanocomposites (H2TCPP-
Fe3O4) show ultra-high peroxidase activity.92 This peroxide-
mimicking property can be used to oxidise TMB molecules in 
the presence of hydrogen peroxide, therefore generating a 
green-coloured solution that can be detected with the naked 
eye. When the catalytic activity of the nanoparticles was 
coupled with the generation of hydrogen peroxide by glucose 
oxidase the proposed method could detect glucose at the 




 Mirkin and coworkers utilised oligonucleotide-covered 
nanoparticles for the selective detection of the amino acid 
cysteine.93 The detection of cysteine is required in diagnostics 
and usually requires complicated instrumentation. The 
nanosensors were assembled via hybridisation and highly 
stabilising thymine-Hg2+-thymine coordination bonds, as 
explained in the "Ions" section (Fig. 5A). Cysteine has high 
affinity for Hg2+. Therefore the analyte competes with thymine 
for the interaction with Hg2+. This leads to the disassembly of 
the nanoparticles and the observation of a red-pink coloured 
solution. The proposed method allowed detecting cysteine at 
the ultralow concentration of 100 nM and was highly selective 
towards different types of amino acids. 
 Oligonucleotide aptamers that specifically recognise 
bisphenol A (BPA) have been used for the in-field detection of 
this toxic molecule.94 In this approach gold nanoparticles were 
modified with the following aptamer sequence: 5-
CCGGTGGGTGGTCAGGTGGGATAGCGTTCCGCGTATG
GCCCAGCGCATCACGGGTTCGCACCA-3. In the absence 
of BPA the aptamer acts as stabilising agent that prevents salt-
induced aggregation due to the negatively charge phosphate 
groups in the oligonucleotides. However it was found that the 
interaction with BPA decreased the salt tolerance, which caused 
the nanoparticles to aggregate. This enabled the detection of 
BPA with the naked eye at concentrations higher than 5 ng/mL 
in tap water and with a one-step method (Fig. 6A). 
 Melamine is a chemical that is illegally added to milk 
products and that can result in renal failure or death in infants.95 
Consequently, a fast method for the detection of melamine is 
required for detecting the fraudulent use of this hazardous 
molecule in the food industry. This can be achieved with gold 
nanoparticles modified with the molecule 1-(2-mercaptoethyl)-
1,3,5-triazinane-2,4,6-trione (MTT).96 Hydrogen bonding 
between this molecule and melamine triggers the aggregation of 
the nanoparticles. With this method it is possible to detect 
melamine with a limit of detection of 20 nM (2.5 ppb), which is 
3 orders of magnitude lower than the safety limit allowed by 
the U.S. Food and Drug Administration (Fig. 6B). It was also 
found that milk did not change the performance of the 
nanosensors, which makes this approach promising for the 
detection of melamine in infant formula. 
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Figure 6. Naked-eye detection of bisphenol A (BPA) in tap 
water (A, reproduced from [94] with permission from Elsevier) 
and melamine (B, reproduced from [96] with permission from 
the American Chemical Society) with gold nanoparticles. 
 
Peptides and proteins 
 
 Classical methods for the detection of proteins usually 
require utilising antibodies as biorecognition elements. Since 
many nanoparticle-based biosensors are based in the 
aggregation of the nanosensors, it should be straightforward to 
design colourimetric detection systems based on the 
aggregation of antibody-modified nanoparticles in the presence 
of a target proteins. Yet, proteins (including antibodies) are 
rather bulky, and therefore nanoparticles in assemblies 
connected by antibody-antigen interactions may not be close 
enough to trigger large spectral shifts. This may limit the 
sensitivity of the biosensor. Nevertheless, some elegant 
examples of biosensors using this procedure exist in the 
literature. For example it was proposed that antibody-covered 
gold nanoparticles can aggregate in the presence of the virus 
bacteriophage T7, which causes a change in the colour of the 
solution from red- to blue-coloured.97 In another example 
antibody-covered gold nanoparticles were able to aggregate 
peptide-covered nanoparticles.53 Rather than changing the 
colour from red to blue, the aggregation process made the 
nanoparticles sediment, therefore resulting in a decreased 
colouration of the nanoparticle solution. 
 A successful strategy for detecting proteins with 
nanosensors consists in controlling the state of aggregation of 
the nanoparticles with a positively charged biomolecule or 
polymer. Positively charged molecules induce the aggregation 
of the nanoparticles. In this detection scheme, the biomolecule 
or polymer can establish physical interactions with the target 
molecule, for example electrostatic intereactions. This prevents 
the aggregation of the nanoparticles by the positively charged 
biomolecule or polymer. For example, the cancer-related 
protein cyclin A2 interacts with the cationic peptide RWIMYF-
NH2.98 In the absence of cyclin A2 the cationic peptide 
promotes the aggregation of the nanoparticles and the solution 
turns blue (gold nanoparticles) or brown (silver nanoparticles). 
In the presence of the target protein the nanoparticles remain 
separated and the solution is red-coloured (gold) or yellow-
coloured (silver). This strategy enabled detecting cyclin A2 with 
the concentration of 40 nM with the naked eye and with a 
simplified procedure compared to commonly used ELISA for 
the detection of this analyte.  
 A similar approach has been adopted for detecting 
thrombin, a protein implicated in blood coagulation, 
thrombosis, inflammation, angiogenesis, tumour growth and 
metastasis.99 In this approach, the aggregation of gold 
nanoparticles is triggered by the positively-charged polymer 
PDDA (poly(diallyldimethylammoniumchloride)). The 
thrombin binding aptamer (TBA) is a negatively charged 
oligonucleotide with sequence 5'-
TTTGGTTGGTGTGGTTGGTTT-3' that has high affinity for 
thrombin. In the absence of thrombin, PDDA interacts with 
TBA, which prevents the aggregation of the nanoparticles. In 
the presence of thrombin, the aptamer interacts with it and the 
PDDA aggregates the nanoparticles. With this method it is 
possible to detect thrombin with the concentration of 10 pM 
even when spiked into a complex matrix such as serum. 
 
Figure 7. Strategies for the naked-eye detection of proteins; (A) 
detection of prion proteins with quantum dots; (I) orange 
quantum dots; (II) green-blue malachite green; (III) mixture of 
both components; (IV) the solution turns blue in the presence of 
prion proteins; (reproduced from [100] with permission from 
Elsevier); (B) Detection of cathepsin B at different 
concentrations via aggregation of gold nanoparticles 
(reproduced from [101] with permission from the American 
Chemical Society). 
 
 Another interesting strategy for the detection of the proteins 
with nanosensors consists in using the colour complementarity 
principle (Fig. 7A).100 In this approach orange quantum dots are 
mixed with green-blue malachite green. Due to the colour 
complementarity principle the resulting solution appears 
transparent (Fig. 7A, III). Addition of a prion protein causes the 
aggregation of the quantum dots, which results in a decrease of 
the quantum dot concentration. In turn, this increases blue light 
that cuts through the solution, and the solution becomes blue-
coloured (Fig. 7A, IV). 
 Finally, it should be noted that is possible to detect enzymes 
with the naked eye when the enzymatic activity controls the 
assembly or disassembly of plasmonic nanosensors. For 
example it has been shown that the protease cathepsin B can be 
detected with high sensitivity and specificity when the enzyme 
K\GURO\VHV WKH VXEVWUDWH 11ƍ-diBoc-dityrosine-glycine-
phenylalanine-3-(methylthio)-propylamine (DBDY-Gly-Phe-
MTPA) in the presence of gold nanoparticles.101 The resulting 
product of the enzymatic reaction (Phe-MTPA) is positively 
charged and can induce the aggregation of the gold 
nanoparticles, which results in the characteristic change in the 
colour of the solution from red- to blue-coloured (Fig. 7B). The 
assay could be used not only to quantify the levels of cathepsin 
B but also to measure the inhibitory power of different small 
molecules, which could be used as anti-cancer agents. 
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Conclusions 
 Nanosensors are challenging traditional detection systems 
with simple tests that only require a few steps for the detection 
of a target molecule. This is in stark contrast with laboratory-
based approaches that require hour-long incubation steps and 
that are not suitable for in-field measurements. Furthermore, the 
outstanding optical and catalytic properties of noble metal and 
semiconducting nanoparticles enable detecting the analyte with 
the naked eye. This elicits the utilisation of electronic readers, 
which is also a great advantage for detecting analytes at the 
point of need. Ions, glucose, small molecules, peptides and 
proteins can potentially be detected on-site with this strategy.  
 Despite the great promise of nanosensors for in-field 
measurements several aspects related to this application need to 
be addressed before this sensing platform can be used at the 
point of need. For example bare nanoparticles tend to aggregate 
when left in solution for prolonged periods of time due to their 
high surface energy. The non-specific aggregation of 
nanoparticles could have a great impact in detection 
mechanisms based in the assembly or disassembly of 
nanosensors. Biomolecular ligands such as the DNA molecules 
used for Hg2+ sensing can be hydrolised by contaminating 
nucleases or microorganisms.79 The performance of catalytic 
nanoparticles may be affected by the physisorption of 
contaminants on their surface.74 Long-term studies on the 
performance of nanosensors are required in order to determine 
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